The heat capacity of NILCIO. has been determined by adiabatic calorimetry from 5°-350 o K and found to be of simple sigmate character without thermal anomalies. The heat capacity (Cp ) , entropy (SO), enthalpy function (HO-HOo) IT, and Gibbs energy function (Go-GOO) IT evaluated at 298.15°K from these data are 30.61,44.02,20.24,. Combination of these values with aqueous NILCIO, thermochemical data suggests the absence of zero-point entropy. Comparison with the heat capacity of isostructural KCIO. permits resolution of the molecular dynamics of the ammonium ions and leads to the conclusion that these ions are restricted rotators, prevented from freely rotating by comparatively lowenergy barriers.
I. INTRODUCTION

Although Janik
l and others have established that the ammonium ion does not rotate freely in simple halide salts, the prospect of such motion is enhanced by an increase in the uniformity of the crystalline field to be expected in salts with high lattice symmetry containing polyatomic anions of low charge. Morfee et al. 2 have shown that the torsional oscillations of the ammonium ions in ammonium stannichloride and stannibromide have a heat capacity contribution at 300 0 K which is midway between that for free rotation and classical torsional oscillations; hence these ions are restricted rotators. Although both the anion and the lattice of ammonium perchlorate (NH4Cl04) may have less symmetrical force fields than do the stannihalides, the charge on the anion is smaller for the perchlorate. Moreover, Smith and Levy3 reported that reasonable agreement could be obtained between neutron-diffraction data for ammonium perchlorate at 300 0 K and a theoretical model in which the ammonium ions are assumed to be freely rotating. The second moments of Ibers 4 for the proton-resonance absorption line in polycrystalline ammonium perchlorate were interpreted in terms of random reorientation about random or nearly random axes. Spin-lattice relaxation times were reported to be consistent with a barrier of 2.0±O.6 kcal/gfm hindering reorientation. In accordance with the prediction of Wert and Marx 5 are the more recent studies of Richards and Schaeffer,6 which seem to indicate an even lower value for the barrier (i.e., < 1 kcal).
Infrared studies by Waddington 7 and cold neutron scattering experiments by Rush et al. s also strongly support these results. Less convincing evidence in favor of an ordered hydrogen-bonded arrangement of the ammonium ions has been suggested by Venkatesan 9 on the basis of x-ray diffraction Fourier projections. Ammonium perchlorate thus seemed to offer unusually interesting possibilities for study.
In principle, the thermal method for deducing the extent of ionic freedom simply involves comparing the heat capacities of the ammonium salt and the corresponding isostructural alkali salt. Although ideally the rubidium compound would be a favored comparison compound because its lattice dimensions most nearly coincide with those of the ammonium compound, the potassium salt should also be acceptable, as the work on the stannihalides,2 tetraphenylboron,lO and pentaborate hydrates ll has already demonstrated. Since the contributions from both the ammonium and alkali salts to the increment (Cp-C.) , occasioned by the anharmonicity of the vibrational modes,12 are nearly the same as are the internal vibrational and torsional modes of the anions, the expression [Cp (NH4CI04)-C p (KCI04) -Cnt(NH 4 +)], adjusted as it is for the almost negligible contribution from the internal vibrational modes of the ammonium ions, should represent the torsional contribution of the ammonium ions. Cnt(NH4+) can be evaluated from the frequency assignment of Wagner and Hornig.1 3 A-3 and calorimeter W -9 (previously described 15 ). A quasiadiabatic technique 16 was employed. All potential, resistance, mass, time, and temperature measurements were referred to standards or calibrations by the National Bureau of Standards. A calorimetric sample of 73.2932-g mass was employed. Helium exchange gas (104 torr) was sealed in the sample space to facilitate thermal equilibration. The heat capacity of the calorimeter-heater-thermometer assembly was determined in a separate set of experiments and represented between 9.2 and 32.8% of the total heat capacity over the temperature range of the measurements.
III. RESULTS
A. Heat Capacity
The experimental heat capacity data are presented in chronological sequence in Table I so that the magnitude of the temperature increments used may usually be inferred from the adjacent mean temperatures. These data have been adjusted for curvature and are given in Table II at selected temperatures. These have been obtained from a least-squares-fitted curve of experimental data by a high-speed digital computer program.
B. Thermodynamic Functions
Values of the thermodynamic functions obtained by computer integration of the smoothed data are also given in Table II . The heat capacities below 5°K are extrapolated by the Debye P limiting law, using a Cp/T vs P plot. Neither isotopic mixing contributions nor nuclear spin terms are included in the entropy or Gibbs energy function, so that these are practical values suitable for equilibrium calculations. A probable error of less than 0.1 % obtains above 50 o K.
IV. DISCUSSION
A. Rotational Freedom of the Ammonium Ion
To estimate the energetics of the rotational motion of the ammonium ion from thermal data, it would be desirable to compare the heat capacities of ammonium perchlorate with isostructural alkali perchlorates on the assumption that the respective contributions from the internal and torsional oscillations of the Cl0 4 -anions and the (Cp-Cv) increments will be nearly identical for both compounds at temperatures sufficiently high for the lattice vibrations to achieve classical values. Since the small contribution of the internal vibrational modes of the ammonium ion [Cnt(NH4+) ] can be approximated from the frequency assignments of Wagner and Hornig,13 the adjusted experimental difference in the heat capacities
can be attributed to the torsional motion of the ammonium ion. The two factors relevant in approximating the lattice heat capacity of NH 4 Cl0 4 with that of an alkali perchlorate are lattice dimensions and the mass of the cation. RbCl04 probably offers the best value for the former, whereas NaCl0 4 best simulates the latter. Although heat capacity measurements on RbCl0 4 and NaCl04 are planned for other purposes, in the interim a practicable estimate can be based upon the heat capacity of isostructural KCl0 4 (orthorhombic, Pnma) . They are characterized by the following lattice constants:
for NH 4 Cl0 4 9 a=9. 13 Each ammonium ion is surrounded by twelve oxygen atoms, six at 2.93±0.04 1 and six at 3.27±0.12 1. 9 Four oxygen atoms of the first set may be chosen uniquely as forming weak N-H···O hydrogen bonds. In the potassium salt each cation is surrounded by twelve oxygen atoms at an average distance of 3.1 A; the shortest distance between oxygen and potassium atoms is 2.88 1.18 The lattice constants a and c are about 3% smaller for the potassium salt. The ionic radii of ammonium, rubidium, potassium, and sodium are 1.48 o '
1.48, 1.33, and 0.95 A.20 The heat capacity of KCI0 4 was determined from 12° to 298°K by Latimer and Ahlberg l7 with a mean deviation of ±0.3% except near the ice point (due to water occluded in the sample) and at the lowest temperatures. On the basis discussed, the rotational heat capacity is represented by the continuous curve of Fig. 2 ; the dashed curve represents an Einstein vibrator in three degrees of freedom with OE equal to 300 0 K; the dotted curve depicts the restricted rotation of a libra tor (three degrees of freedom) overcoming a potential barrier of 1.0 kcal/gfm. The librational heat capacity curve is derived from the tables of Pitzer and Gwinn 2l with an assumed potential function of the type V =0.5Vo(1-cos3cj1) and a principal moment of inertia for the NH4+ ion of 4.826X 10-40 g cm 2 • The qualitative features of this plot favor the restricted-rotator model.
An early measurement of the second moment of the proton resonance (NMR) absorption line by Ibers 4 was mterpreted as consistent with a 2.0-kcal/gfm barrier hindering the rotation of the NH4+ ion. He stated that his barrier could be high by at most 40% if angular terms in the second moment expression are affected by protonic motion, thus allowing a barrier as low as 1.2 kcal/ gfm. Richards and Schaeffer 6 concluded from second-moment linewidths of the NMR spectrum that the barrier is less than 1 kcal/gfm. Moreover, Ibers further deduced that ammonium perchlorate might rotate about a single axis near 200K upon comparison with isostructural NH4BF4 which rotates about a C2 axis at these temperatures according to the NMR (proton and fluorine) data of Pendred and Richards. 23 Further confirmation of this is found in the NMR data of Chiba 24 and that of Caron et al. 25 Stephenson et al. 26 were able to resolve the C r for the NH4+ and BF4-moieties from thermal data on NH4BF4 and ND4BF4 and deduced that the NH4+ ion lib rates near 20 0 K with a barrier of 1.5 kcal/ gfm. The rotational heat capacity of the NH 4 CI0 4 curve has a shoulder from 30° to 40 0 K which might be interpreted as rotation about a single axis. However, the lattice heat capacity used in deriving C r is probably too high below 100 0 K . ' whIch would preclude the shoulder from rising to about the 2 cal/ (gfm OK) expected for a restricted rotator. A Schottky-like shoulder of similar magnitude would also arise from the difference of two Debye functions of nearly identical characteristic temperatures (for example, if the OD'S for the heat capacities of the NH4Cl04 lattice and KCI04 differed by 50 0 K).
Inelastic scattering of thermal neutrons has also contributed information concerning the rotational freedom of the NH4+ ion in NH4CI04. Janik et al. 27 concluded that the NH4+ ion at room temperature was only slightly more hindered than liquid methane on the basis of neutron scattering. Janik et al. 28 and Janik l conclude that the barrier to rotation is from 0.1 to 0.2 kcal/gfm by the same technique. Rush, Taylor, and Havens 29 and Rush and Taylor 30 deduced the barrier to rotation of the NH4+ ion to be about 0.2 kcal/gfm from the temperature dependence of the neutron scattering cross section of the hydrogen atoms. Further data of this type by Leung et al. 22 yielded a barrier of 0.4 kcal/ gfm.
The heat capacity data are consistent with rotation of the NH4+ ion against a barrier less than 1.0 kcal/mole as shown in Fig. 2. 
B. Structural and Transitional Behavior
Caron et al. 25 report that the a and c axes of NH4BF4 expand by 10% in the range 187° to 296°K, whereas the length of the b axis remains unchanged. They report that the structure at 141°K is related to that at room temperature and is probably orthorhombic. Stammler et al. 31 • 32 suggest on the basis of qualitative changes in unindexed powder diffractometer scans that both NH4Cl0 4 and isostructural NH4BF4 undergo polymorphic transitions near 83°K. Neither the present heat capacity data for NH4Cl0 4 nor that of Stephenson et al. 26 for NH4BF4lend any support to this contention. However, the rotational peak in the NH4BF4 heat capacity curve correlates with the subtle change observed by Caron et al. 25 Similar changes in the axial lengths may obtain for NH 4 Cl04 thereby making the rotational barrier temperature dependent above about 1000K, as suggested by Stephenson's analysis of the heat capacity peak for the NH4+ ion in NH 4 BF4• At about 513°K the orthorhombic (Phase II, p= 1.95 g/cm 3 ) form undergoes reversible transformation to a cubic (Phase I, p=1.71 g/cm 3 ) form with the rocksalttype structure which is presumably occasioned by the onset of relatively unrestricted rotational reorientation of the perchlorate ion. 32 Each alkali perchlorate (except lithium) was first shown by VorHinder and Kaascht 33 to undergo an enantiotropic transition to an isostructural cubic high-temperature form between 492° and 581°K. (Na=581°K, K=573°K, Rb=552°K, and Cs=492°K.) Hence, the transition temperature for the ammonium salt is seen to fall between that of rubidium and cesium as might be expected from the ionic radius. Above this temperature, exothermic decomposition ensues; a variety of products are produced. 32 The accord of the various entropies confirm the absence of residual entropy in crystalline NH 4 CI04 to within about ±0.3 cal/ (gfm OK).
